Abstract: Due to the many large earthquakes that have occurred in recent years, the role of seismic risk reduction in building resilient cities has become a matter of concern. The serious disaster damage brought by seismic hazards causes the adoption of migration policies such as building control in the preparedness phase. However, the restricted budget of governments resulting from the global state of economic distress generates a prioritization problem. A decision support framework could be helpful for governments to systematically integrate the complex information when implementing disaster risk reduction policies toward sustainable development. The purpose of this study was to construct an analytical framework based on Geographic Information System (GIS) and Data Envelopment Analysis (DEA) for addressing the prioritization problem by calculating policy efficiency. The spatial DEA-based framework combines indices calculation, spatial database construction, and DEA. Taiwan is an island located in the Circum-Pacific Belt, and has paid long-term attention to adopting policies for earthquake disaster prevention. A policy of earthquake-oriented urban renewal combining enhanced building capacity and city resilience has recently been implemented. A case study of the Yongkang district of the Tainan Metropolis in Taiwan was conducted in this study. The results show an operable framework and propose a suggestion for planning efficient policy priorities in each decision-making unit. In sum, the analytical framework proposed in this study could be a component of a decision support system for governments to adopt disaster risk reduction policies in the process of policy-making and implementation.
Introduction
How to build resilience to unknown events is the most important concept in working towards sustainable development with the high-frequency occurrence of natural hazards [1] . These environmental crises seem to be increasingly unpredictable, often with serious damages and casualties beyond expectation. A paradigm shift shown in disaster risk management in recent academic and theoretical research provides insight into the impact of climate change on natural disasters [2, 3] . The importance of disaster risk reduction (DRR) has been outlined by the Sendai Framework [4] [5] [6] . For governments, the concept of resilience emphasizes the increase of capacity for rapidly reacting to dynamic environmental change and crises rather than recovering to the original state when facing the present and future hazards. System)-based database for the construction of a spatial decision support system. Each variable is separately calculated or simulated by existing regulations or software. Most importantly, the public willingness is measured through a questionnaire survey to increase the possibility of practical application when implementing policies. The selection of input variables includes indicators representing the degree of seismic risk and policy feasibility, and the output variables show the improvement of city resilience and government money savings in each unit. This paper proceeds as follows: Section 2 explains the SRR policy in Taiwan. Section 3 introduces the case study. Section 4 presents the study's research design. Section 5 presents the results of a case study area, and Section 6 discusses those results. Section 7 concludes the paper.
Seismic Risk Reduction Policy in Taiwan
Eighty percent of the world's earthquakes occur in the Circum-Pacific Belt, and this region is thus a significant focus of Asian SRR policies. The countries in the belt follow chains of island arcs and have long focused on enhancing city dwellings' resilience by implementing SRR policies. Taiwan is situated at the convergent boundary between the Eurasia Plate and the Philippine Sea Plate, resulting in a high frequency of earthquakes. Indeed, Taiwan experiences more than 600 earthquakes each year. Scarce land resources mean that many high-density Taiwanese cities are located along the fault zone. Thus, the central government emphasizes seismic monitoring and the development of loss estimation systems within its SRR policies.
In 1999, the Chi-Chi Earthquake, measuring a magnitude 7.6 on the Richter scale, struck Taiwan, resulting in 13,720 casualties and the collapse of 105,479 buildings. Since the Chi-Chi earthquake, Taiwan has attempted to redistribute spatial arrangements in seismically active areas through land use planning and zoning control. The frequency of large earthquakes has increased in the ten years since the Chi-Chi earthquake. According to the historical record of the past one hundred years, a strong spatial relationship exists between the occurrence of large-scale earthquakes in Japan and Taiwan. That is, Taiwan may experience a large earthquake if Japan experiences a large earthquake [25] . This argument has also been confirmed by the 2016 Meinong Earthquake (magnitude 6.6) and the 2018 Hualien Earthquake (magnitude 6.4). Thus, the Taiwanese government strengthened its earthquake disaster mitigation and preparedness plans when the Tohoku earthquake occurred in Japan.
As was observed in the aftermath of the Chi-Chi earthquake, building collapse is the main cause of death resulting from earthquakes. In Taiwan, there are a number of buildings that are not earthquake-safe due to a previously unenforced regulation, and thus major casualties and losses are likely to occur due to earthquakes, particularly in major cities. Earthquake-resistant buildings are less likely to collapse or take longer to collapse, giving inhabitants more time to flee during an earthquake. To avoid the collapse of vulnerable buildings in urban areas, the Taiwanese government encourages inhabitants to strengthen those buildings through the deployment of an "earthquake-oriented urban renewal (EUR)" policy for enhancing city resilience. The EUR policy is based on the framework of the present urban renewal policy and encourages residents to repair or rebuild their buildings through economic incentives and increasing building bulk incentives. In contrast to general urban renewal policies emphasizing land activation, EUR focuses on reducing the seismic hazard risk and enhancing building resistance. EUR also redistributes spatial patterns to lessen the hazard risk and enhances the preparedness system by improving narrow roads and alleys, for example, in addition to enhancing the safety of vulnerable urban buildings. However, the low willingness of residents to adopt EUR could be predicted by the past research or reports. A lower level of preparedness for disasters is shown in households of Taiwan [6] . Without prior experience, residents may worry more about the occurrence of earthquakes than the collapse of their houses.
In designing the EUR, the Taiwanese government aimed to increase residents' willingness to pay to repair or rebuild their houses by releasing unused public land and promoting a cooperation model through the deployment of economic incentives. A government-led partnership model was applied to implement EUR. The spatial arrangement for improving disaster relief or reducing disaster damage in highly seismic areas can be redistributed by integrating private and public land. Major metropolises such as Tainan would be given priority for implementation. However, it is financially difficult for local governments to redistribute spatial arrangements due to restricted budgets for the adoption of EUR. Therefore, local governments may implement a multi-phase plan in releasing hard incentive expenditures. This study employs a spatial DEA-based framework to calculate policy efficiency in deciding which areas should adopt the EUR policy during each phase.
Case Study Area
EUR focuses on improving building vulnerability in urban areas, and this study selects one area in the Tainan metropolis as a case study area. Yongkang District has the largest population (229,777) in the Tainan Metropolis, as well as a high population density (2024.12 people/km 2 ), making it a well-developed industrial hub. The Houchiali fault is located at the center of Yongkang District (Figure 1 ). Taking the historical record and earthquake frequency into account, domestic researchers have concluded that there is a high probability of an earthquake occurring along this fault.
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Material and Methods

Data Envelopment Analysis
Data Envelopment Analysis (DEA) is a non-parametric method for estimating production frontiers without specific mathematical forms for measuring the productive efficiency of decision-making units (DMU) [26, 27] . The main reason for employing DEA results from its several advantages in the process of efficiency calculation. The ability of this method to handle multiple inputs and outputs is required in a multiple-dimension decision-making process. Moreover, each input-output variable with different measurements can be analyzed and compared in each DMU. DEA's capacity can address this problem and calculate the efficiency in each unit. Moreover, a series of analytical processes can make possible a thorough discussion of ranking policy implementation efficiency and sensitivity analysis.
DEA's structure employs the linear programming technique to find the set of coefficients that will obtain the highest value from the ratio of outputs to inputs. The following introduces each symbol in this model. j = number of decision-making units in DEA DMU j = decision-making unit number j y rj = amount of output r used by decision-making unit j x ij = amount of input i used by decision-making unit j i = number of inputs used by DMUs r = number of outputs produced by DMUs u r = coefficient or weight assigned by DEA to output r v i = coefficient or weight assigned by DEA to input i DEA is composed of multiple input-output variables. Equations (1) and (2) describe the calculation of input and output:
The efficiency is the ratio of outputs to inputs, by Formula (3):
where v i (i = 1, . . . , m) and u r (r = 1, . . . , s) are input and output weights. DEA has been widely employed in relevant studies. Numerous models, such as the input-oriented model, have been improved by researchers. The input-oriented model of CCR and BCC used in the literature proportionally reduces the input resource without varying the output resource in the process of calculation. In this study, CCR input-oriented (CCR-I) and BCC input-oriented (BCC-I) models are employed to address multiple input-output variables.
The purpose of the CCR-I model, which measures overall technical efficiency (OTE), is to seek the maximized weightings. The linear programming is shown in Equation (4) .
where µ 0 is the variable recognizing the state of the returns to scale, including increasing, constant, or decreasing returns; and ε represents a small positive number.
The main difference between the CCR and BCC models is the assumption of returns-to-scale. CCR assigns each DMU with constant-returns-to-scale, and the BCC model sets variable returns-to-scale for calculating pure technical efficiency (PTE). The linear programming of BCC-I is shown in Equation (5).
The scale efficiency (SE) is the proportion of OTE to PTE for determining the returns-to-scale of each unit. SE provides a measurement for identifying the optimum size of investing resources between input and output. To discriminate the power of efficient DMUs, Sexton et al. (1986) [28] provided a method called cross efficiency (CE) in DEA. The purpose of cross efficiency is to perform a peer evaluation for comparison in each DMU. A weighted average of the cross efficiency for the calculation is shown in Equation (6):
The slack analysis and sensitivity analysis can be combined into the results of DEA models for a cross analysis. The slack analysis calculates the proportional change in the input or the output of inefficient DMUs for achieving efficiency, and the sensitivity analysis shows the efficient score change when reducing input-output resources. In sum, this study employs the CCR-I, BCC-I, SE, and CE models of DEA to calculate the efficiency of the EUR policy. A series of analytical tools also provides a useful process for discussing the prioritization issue in adopting policies.
The Conceptual Framework of DEA
The DEA framework is constructed by the input-output variables and is defined according to the research goals. In this study, the main issue is to calculate the policy efficiency of EUR for prioritizing the locations of implementation. In general, the degree of seismic hazard risk is the only factor for ranking a priority for achieving the purpose of enhancing building earthquake-resistance capacity. In this study, policy feasibility is the other necessary factor that should be considered as a limited input resource. To create a clear description of the DEA framework, four stages of disaster management are employed to explain the relationship between the input-output variables of DEA. The government invests resources to adopt EUR during the mitigation and preparedness phase (input) to reduce disaster losses during the response and recovery phase (output).
Input Variable
The input variables represent the investment of resources when adopting EUR during the pre-disaster phase. For governments, input resources include the costs of economic incentives, communication, and administration. Governments should pay these transaction costs when the EUR policy is regarded as a product that is successfully merchandised to customers (residents). In this study, policy feasibility and the degree of seismic risk are selected to reflect the amount of resources invested in each DMU.
Policy Feasibility
Policy feasibility represents a difficulty for policy implementation due to the unique advantages of adopting policy in each DMU. A DMU with high policy feasibility suggests that a government can invest fewer resources in adopting the policy. The number of private properties in each unit is a critical problem for successfully implementing urban renewal policy [29, 30] . The existence of a large number of private properties can mean spending too much time communicating, which can increase the risk of disagreement. According to the description of the EUR policy in Section 2, the government releases public land to enhance residents' willingness to support the policy. The communication cost can be decreased if the land owners partly belong to public administrations. In this study, the ratio of private land area in each unit is applied to describe the number of private land owners. The variables of policy budget and residential acceptance are selected as the input variables. The policy budget is the total number of subsidies calculated according to Taiwanese government rules if all vulnerable buildings are addressed by EUR in each unit.
Seismic Hazard Risk
The seismic hazard risk in this study is measured by the concept of vulnerability to disaster loss. To identify the scale of the seismic hazard risk in each unit, this study calculates the variables in a density equation. Two types of vulnerability, including vulnerable building density (DB) and the household density of vulnerable buildings (HD), are used to evaluate the degree of earthquake-resistant capacity in each unit. The DB represents the scale of vulnerable buildings, and the building age and construction materials are used to identify vulnerable buildings. The HD shows the number of vulnerable households in each unit. The vulnerable households are the total number of households living in the vulnerable buildings.
Output Variable
The output variables for describing the results of adopting the EUR used in this study are the degree of disaster loss and government revenue. In each DMU, the higher the value of disaster loss, the more the seismic hazard risk is reduced. The hardship assistance household unit density (HA) represents the degree of disaster losses, and the variables of property tax (PT) and disaster compensation (DS) show the increase and decrease of government revenue in the post-disaster recovery phase.
Disaster Losses
This study uses HA to represent the degree of disaster loss. The other purpose of the EUR is to enhance city resilience by deploying disaster relief to strengthen vulnerable areas, and this variable in the density equation is employed to show the scale of saved lives due to the difference of the area in each unit. Households are determined to be vulnerable by the fact that they are built on a narrow road.
Government Revenue
Two variables, including property PT and DS, represent the change in government revenue following adoption of the EUR. The taxation revenue is the main income of governments, and is a combined index calculated using the social and economic information of each data unit. For example, the house tax is calculated according to the building age, floor areas, material construction, build price, and building story. In this study, the PT, summarized by house tax and income tax, reveals the change in government revenue. The house tax shows an increase in taxation resulting from the EUR. Building prices rise when residents improve or rebuild them. Income tax shows savings on taxes when governments avoid tax decreases stemming from the casualty deduction. Residents can claim a casualty deduction for property loss if they suffer property damage as a result of a sudden event, such as a natural disaster. In other words, residents can avoid property losses due to building collapse if they strengthen their houses. DS represents the compensation of casualties and building collapses resulting from earthquakes. When building resistance is enhanced, the amount of emergency compensation that governments must pay is reduced.
The Assessment of Variables, Data Resource, and Research Unit
The definition and calculation formula of input-output variables are presented in Tables 1 and 2 . The input variables describe the seismic hazard risk and policy feasibility in each DMU. The variables of DB and HD represent the scale of SRR, and the variables of private land (PL), policy budget (PB), and public willingness (PW) show the conditions when implementing the policy. The neighborhood unit is used as the basic research unit. The neighborhood unit is the smallest district unit in Taiwan (Figure 1 ). Neighborhoods are divided according to socio-economic conditions through artificial boundaries.
The study constructed a spatial database by GIS. A combination of statistical data and survey questionnaires were collected in this database. The value of each input-output variable in each DMU can be shown by GIS to support policy implementation. A database of more than 10 thousand units can be examined by the door plate, and a total of 426 residents in each research area were surveyed between October and December 2014. The number of hardship assistance households divided by the total number households in each unit. %
The basic information was taken from the Fire Bureau of the Tainan City Government.
Property Tax PT
The property tax combines house tax and income tax. The property tax is an annual tax that residents must pay. The study calculated the difference in the tax earnings of governments when adopting the EUR policy. The calculation was by the authors.
Disaster compensation DS
Governments provide compensation for private building collapse and casualties. Therefore, governments can save money when all buildings are strengthened through the EUR policy. Table 3 presents descriptive statistics. The high standard deviation of each input-output variable with diverse measurements describes the various features in each DMU and confirms the purpose of employing DEA in constructing an analytical framework to solve the prioritization problem. For example, the minimum value of DS was 0, and the maximum value was 330,578,293. The results also reveal that one DMU in the case study area had no vulnerable buildings. Additionally, the result of the Pearson correlation between each input-output variable is shown in Table 4 . An examination did not find a significantly negative relationship in preventing an inconsistent principle of DEA. Table 4 . The results of Pearson correlation. 
Descriptive Statistical and Correlation Analysis
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Result
The Rank of Policy Adaptation Based on the Efficiency Scores
The prioritization problem in adapting EUR was solved by the CCR-I model of DEA, and the results are shown in Table 5 . In the 39 DMUs, fourteen units-defined as the best practice or efficient frontier-were shown to be technically efficient, with OTE scores of 1. The remaining 25 units had OTE scores of less than 1, with technical inefficiency. According to the definition from Norman and Stoker [31] , four factors describe the characteristics of each DMU: (1) The robust efficient unit displays a high level of performance and appears with high frequency in the reference set (RS) of inefficient policy adopting units (E = 1, RS greater than 3). These units may remain efficient unless there is a major shift in the input or output. In this study, nine units, including DMUs 4, 7, 21, 26, 30, 32, 33, 34 , and 39, belonged to this type of unit. (2) The marginal efficient unit achieves the efficient frontier (E = 1, RS less than 2), including DMUs 1, 6, 15, 25, and 38. An unusual input or output in this type of unit causes a rare set of inefficient units. This type of unit may become inefficient due to a small increase and decrease in the input and output. (3) The marginal inefficient unit (0.9 ≤ E ≤ 1), including DMUs 8, 11, and 31, can achieve the efficient frontier by improving resource utilization processes. (4) The distinctly inefficient unit (E < 0.9) is the most inefficient DMU. Half of the DMUs belonged to this type of unit, including DMUs 2, 3, 5, 9, 10, 12, 13, 14, 16, 17, 18, 19, 20, 22, 23, 24, 27, 28, 29, 35 , 36, and 37. This type of DMU is difficult to move on the efficiency frontier in a short period of time. A peer appraisal of efficient units calculated by the cross-efficiency (CE) model is shown in Table 5 . In the efficient DMUs, the most efficient unit was number 7, the second most efficient was number 33, and the third most efficient was number 30. 1.0000 7 6 0 1.0000 1.0000 CRS OTE = overall technical efficiency; RS = reference set; CE = cross efficiency; PTE = pure technical efficiency; SE = scale efficiency; RTS = returns-to-scale.
The Improvement of Policy Efficiency in DMUs
An efficient unit is the result of pure technical inefficiency or scale inefficiency. A deeper analysis of inefficient units can be revealed through PTE and SE for improving the policy efficiency of each DMU. According to the results of PTE in Table 5 , the number of efficient units in the BCC-I model was 18, which is greater than the number of efficient units in the CCR-I model. Compared to the CCR-I model, the BCC-I model with the assumption of VRS formed a convex hull of intersecting planes enveloping the data points more tightly than CCR-I of returns-to-scale (CRS). Thus, the number of efficient units measured by BCC-I was greater than the number measured by CCR-I. The scale efficiency examines the ratio of input and output on an optimal scale. In this study, 15 units had the most productive scale size with CRS and 24 units belonging to increasing returns-to-scale (IRS). The status of CRS in a unit shows whether the government should minimize costs and maximize outcomes for adoption of the EUR. Overall, 15 units achieved the efficiency frontier in all models (CCR-I, BCC-I, and SE). Out of those 15 efficient units measured by CCR-I, 3 units attained a PTE score equal to 1 and achieved an efficient frontier under the VRS assumption. The inefficiency of these three units is attributed to scale inefficiency rather than to the inefficiency of the resource utilization. The unit of IRS can enhance OTE by increasing the scale of policy adoption.
A deeper analysis of the efficiency improvement is discussed by slack and sensitivity analysis. Slack analysis provides information for promoting each inefficient unit in attaining efficiency. Table 6 presents the results of slack analysis for 14 inefficient units. These 14 units represent the proportional reduction in inputs or increase in outputs for achieving an efficient frontier. For example, DMU 14 could make adjustments to move on the efficient frontier by reducing its input to 1.81% of DB and increasing its output to 29.66% of PT. The slack analysis can reveal the improvement of each inefficient unit toward efficiency. Additionally, two types of results can be found in the slack analysis. In addition to units 2, 20, and 37, all units showed an adjustment rate for improvement. For these three units, an extra resource in input was shown for achieving the efficiency frontier. The sensitivity analysis describing the OTE score changed when the input-output variable was employed to reveal the characteristics of efficiency in each unit. The results of sensitivity analysis in Table 7 provide the change in each DMU unit when governments attempt to alter the input or output resource in adopting the EUR if the slack analysis observes an inefficient unit. The OTE average of the original model (Model 1) was 0.7303, and the averages of Model 2 to Model 9 were lower than the average of Model 1. Model 2 without the PL input had the lowest distance (average = 0.7298) and Model 9 without the DS output had the largest distance to Model 1 (average = 0.5554). These results show that DS was the most effective variable in this DEA framework. The differences in the OTE score in each model can be considered to be a reference when governments adopt the EUR. For example, to increase residential acceptance of the EUR, the government reduces property taxes. However, policy efficiency does not rise when providing this economic incentive. In each unit, the characteristic of each input-output variable affecting the OTE can be observed. For example, Unit 7 could reduce OTE to 0.3478. In other words, this unit achieved efficiency through the high output of HA. When governments change the principle of a policy, OTE can fall and the unit becomes inefficient. That is, a low policy budget input in Unit 7 contributed to high efficiency. However, Unit 7's rank can be influenced when government alters the policy budget subsidy. 
Discussion
This paper provides a serial analysis process for a spatial DEA-based framework to discuss the prioritization of policy implementation. Combining all the findings in this study, discussions in this section can be divided into two parts, describing the application of the proposed framework to policy-making, and implementation in each DEA model.
Firstly, CCR-I and CE models calculate the OTE value as the rank of prioritization. Prioritization of each unit can be achieved through a phased EUR implementation according to the OTE score classification. Efficient DMUs can adopt the EUR during the first phase. When concluding the first phase, a successful experience could increase policy acceptance in other areas and improve policy efficiency. Implementing units in the second stage include marginally efficient and marginally inefficient units. The distinctly inefficient units can be implemented during the last phase. In the OTE score results derived from the CCR-I model, half of the units were shown to be inefficient. Moreover, the analysis of the BCC-1and SE models describes the efficient improvement of inefficient units. The factors contributing to inefficient units can be changed by increasing the scale of policy adoption or improving the use of input resources. The former can be improved by merging the units when adopting the EUR policy, and the latter can reduce the input resource according to the results of the slack analysis. On the whole, the comparison of each DMU by DEA helps decision-makers solve the ranking problem [21, 22] .
Secondly, slack analysis concludes the adjustment of inefficient units for efficient frontier by decomposing the OTE value. The slack analysis suggests the proper units for combination. The units without output shortage represent the units that possess extra input. In this situation, these units could be merged in adopting the policy if they were adjacent to other units with an inefficient scale. Furthermore, the sensitivity analysis observes the policy efficiency of the input-output change. The sensitivity analysis provides a feature of policy efficiency when the input-output variables are altered. The EUR policy may be implemented in the future. Raising subsidies is a challenge that must be overcome by governments. The results of the sensitivity analysis can be considered as a reference for reducing the cost of economic incentives or changing the standard of identifying building vulnerability.
In practice, the implementation of DRR policies can face the same problem. To respond to the dramatic environmental change, public participation is a critical point in modern disaster risk management [2, 3] . A dynamic policy planning process could increase the policy acceptance by diminishing the residents' doubt without suffering major damage [14] . DRR policies are closed to human life and property. The framework in this study could also be integrated as a platform through GIS to exchange opinions in the process for all participators, including residents, non-governmental organizations (NGOs), and public and private sectors to make the decisions. It is believed that the most effective manner to reduce the disaster risk is to improve public disaster risk perception. A cooperative model of public-private partnership surely has become the global trend to enhance city resilience for facing the known events in a paradigm shift of modern disaster risk management.
Conclusions
Building a resilient city to increase the capacity for a rapid response to natural hazards is regarded as the main purpose of sustainable development. This study constructs a spatial DEA-based framework for solving the prioritization problem of DPP policy adoption. According to the results, two main findings are shown in this study. Firstly, an operable planning support framework is provided for official or non-governmental organizations to achieve successful disaster risk reduction programs. The policy planner could realize the priority for implementation and observe the alterations of policy performance in each decision unit when changing the situation of resource investment or available outcomes with restricted resources and limited disaster risk management Budgets. Secondly, the suggestion of policy implementation is proposed in this study: (1) the classification of each DMU by efficiency scores could help in the prioritization for a multi-phase plan of EUR policy; (2) the descriptions of how to improve inefficient units is proposed by slacks analysis; (3) the results of sensitivity analysis could make the suggestions to revise EUR policy for enhancing the effectiveness. An integration of multiple dimensions by a systemic framework is required in the process of decision-making when confronting the prioritization problem in policy implementation. The results in this study could be helpful for disaster risk reduction policy-making and implementation. 
